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Abstract: Pluripotent stem cells hold great promise for cell-based therapies in regenerative
medicine. However, critical to understanding and exploiting mechanisms of cell lineage
specification, epigenetic reprogramming, and the optimal environment for maintaining and
differentiating pluripotent stem cells is a fundamental knowledge of how these events
occur in normal embryogenesis. The early mouse embryo has provided an excellent model
to interrogate events crucial in cell lineage commitment and plasticity, as well as for
embryo-derived lineage-specific stem cells and induced pluripotent stem (iPS) cells. Here
we provide an overview of cell lineage specification in the early (preimplantation) mouse
embryo focusing on the transcriptional circuitry and epigenetic marks necessary for
successive differentiation events leading to the formation of the blastocyst.
Keywords: mouse embryo; early development; lineage specification; epigenetic marks;
transcriptional circuitry; stem cells
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1. Why Study the Mouse Embryo?
The procurement and delivery of properly fated replacement cells is an exciting area of current
biomedical research and offers great hope for patients with degenerative and other diseases.
Embryonic stem (ES) cells and induced pluripotent stem (iPS) cells possess the ability to differentiate
into all the cell types of an adult. This differentiation potential into all lineages of the embryo-proper
and fully developed organism is referred to as pluripotency. However, pluripotent ES cells and iPS on
their own cannot give rise to the entire conceptus, as they lack the potential to develop many of the
extraembryonic tissues that support the development and patterning of the embryo-proper. Thus, all
three cell lineages of the blastocyst are required both for embryo development and survival.
Studies in cellular replacement therapies have made tremendous advancements due to seminal
studies using the preimplantation mouse embryo as a model organism. Work in the mouse also
provides a biological tool to generate and correct genetic mutations. In many instances gene mutations
in the mouse produce similar phenotypes to human disease mutations thereby providing insight into
the molecular mechanisms regulating both embryonic development and disease progression and
drawing parallels between these two seemingly disparate processes. Furthermore, mouse genetics has
allowed epistatic pathways to be defined.
Without the pioneering studies in mouse, regenerative medicine may not have made the tremendous
progress of obtaining somatic cells and reprogramming them back to the early pluripotent state for the
future repopulation of damaged tissues. However, many questions remain unanswered. How does the
embryo control cell lineage choice? How can differentiated adult somatic cells acquire an iPS state?
Orchestrations of transcriptional and epigenetic circuits define the state and thus can control the
destiny of cells into the proper cellular fate. Here, we review some of the observations that define early
events of cell lineage determination in the early mouse embryo.
2. Preimplantation Is Devoted to the Generation and Expansion of Extraembryonic Tissues
Mammalian development can be divided into pre- and a postimplantation phases, where the first
serves to prepare the embryo for attachment to the uterine wall for further growth and development.
Within the first four or so days of development, the lineages destined to form the embryo-proper as
well as the extraembryonic tissues, essential for in utero survival, are specified and spatially
segregated [1,2]. Preimplantation development is a phase that is unique to placental mammals and
involves two sequential cell fate decisions giving rise to the three distinct lineages; the pluripotent
epiblast (EPI), as well as two extraembryonic tissues, the trophectoderm (TE) and the primitive
endoderm (PrE).
Following fertilization, the zygotic genome of the mouse embryo is activated at around the 2-cell
stage, a time when maternal mRNAs are also being expressed [3,4]. Transformation of the 2-cell
embryo to the 16-cell compacted morula (generally corresponding to embryonic day (E) 3.0) involves
a series of ordered cleavage steps (Figure 1). As the embryo develops and its constituent cell numbers
increase, developmental potential of individual blastomeres decreases. Individual blastomeres are
generally considered totipotent only at the 2-cell stage [5,6], though pluripotency is retained up until
the 16-cell stage [7]. Notably, it has been shown that blastomeres of 4-cell stage embryos differ in their
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individual developmental potential, according to their spatial distribution and cleavage patterns [8,9].
Individual blastomeres of an 8-cell embryo have the ability to contribute to all three blastocyst cell
lineages in chimeras, but they are generally unable alone to support full-term development of
embryonic and extraembryonic tissues [10–13].
Figure 1. Mouse preimplantation development. A schematic representation and overview
of mouse preimplantation development during embryonic day (E) 0.5–4.5. Following
fertilization the early mouse embryo undergoes a series of cleavages to generate the
lineages necessary for in utero survival.

Figure 2. The TE vs. ICM cell fate decision in the mouse embryo. This cell fate decision
takes place during the transition from morula (E2.5) to early blastocyst (E3.5). Here
regulation of lineage specific transcription factors such as Cdx2, Tead4, Nanog, Oct4 and
Sox2, will result in segregation of the first cell lineage trophectoderm (TE) from inner cell
mass (ICM).
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The TE is the first cell lineage to emerge and will give rise to the embryonic portion of the placenta.
The TE is positioned on the surface of the embryo where it forms a specialized epithelium. The initial
differentiation of the TE integrates morphogenesis with lineage specification as TE specification
occurs concomitant with epithelialization likely induced by cell polarization as well as up-regulation
of lineage-specific transcription factors such as Cdx2 during the early 8-cell morula stage [14,15]
(Figure 2 and 7). At the 32-64-cell blastocyst stage the embryo forms a cavity, the blastocoel, and at
this point it comprises an outer TE cell layer and an inner cell mass (ICM).
Later, the ICM will give rise to two cell lineages, the pluripotent EPI, and the PrE, which will give
rise to the endodermal component of the visceral and parietal yolk sacs (Figure 3) [2]. Together the
three lineages of the late blastocyst: TE, PrE and EPI will produce both the embryo-proper (EPI) as
well as its ancillary extraembryonic tissues (TE and PrE), which serve as a maternal-fetal interface as
well as guiding the development of a functional and viable embryo [2,16,17].
Figure 3. Cell commitment to pluripotent epiblast (EPI) vs. primitive endoerm (PrE)
coincides with sequential expression key trans-factors. This second cell fate decision
involves three successive phases. From the initial co-expression, emerges a
mutually-exclusive expression of trans-factors and salt-and-pepper distribution of cells
fated to form (Nanog-positive) EPI or (Gata6/Sox17/Gata4-positive) PrE (~64-cell stage),
followed by cell sorting (>100 cell stage) which achieves a positional segregation of EPI
vs. PrE fated cells into different tissue layers within the ICM. At the time of implantation
the Gata6/Sox17/Gata4/Sox7-positive PrE cell layer lies adjacent to the blastocoelic cavity,
while the EPI is internal being encapsulated by PrE at one side and TE at the other.
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3. Each Lineage in the Pre-Implantation Embryo has Its Own Progenitor Cells
The three different cell lineages of the blastocyst can each be harnessed in vitro through the
derivation of lineage-specific self-renewing stem cells from blastocyst stage embryos. Trophoblast
Stem (TS) cells are derived from and represent TE lineage, and eXtraembryonic ENdoderm (XEN)
cells represent the PrE [18,19]. Pluripotent Embryonic Stem (ES) cells derived from and representing
the EPI are the best studied stem cells in both mouse and man [20–22]. These three cell types can be
propagated in vitro under conditions of “stemness” and also directed to differentiate, thereby providing
additional tools for studying the gene regulatory and signaling networks operating and co-operating
within the lineages of the early mouse embryo.
4. How Are Genes Controlled at the Transcriptional Level?
Lineage-specific trans-factors binding to their cognate DNA binding motifs are critical in the
regulation of cell fate in the early embryo. Thus, the mechanism by which these trans-factors operate
and the regulatory regions they target in lineage allocation is of great interest. Here, we provide a basic
overview of how genes are regulated and then review what is known about lineage-specific
transcription and chromatin packaging in the early embryo.
Genomic DNA provides information in two ways. In addition to specifying the sequences of
protein-encoding mRNAs, genomic DNA consists of regulatory regions for transcription factors to
bind and control the levels of gene expression [23]. These regulatory regions consist of RNA
polymerase II (RNAP II) promoter regions directly upstream of the transcriptional start sites as well as
gene-distal enhancers and repressors. Regulatory regions provide cell-specific gene activity and a
complexity necessary for the surprisingly low (~23,000) number of protein-coding genes in man and
mouse. Because a single metazoan genome specifies many distinct cell types in the adult, there is an
ordered process of activating and repressing the appropriate genes during development. Mouse
transgenics coupled with cell culture experiments have identified these distant genic regulatory regions
known as enhancers [23,24]. Promoter and enhancer interactions may be close range or very long
range as in the ß-globin and sonic hedgehog (shh) gene [23,25,26]. Gene expression occurs by
trans-factors capable of DNA bending and looping to position distal enhancers to the promoter of a
gene in a particular chromosomal territory. This long-range regulatory region communication is
facilitated by chromatin insulators, DNA bending trans-factors and/or matrix attachment proteins [27].
Dependent on whether the gene is to be activated or repressed is reflective of the transcription factors
bound and the open or closed chromatin configuration [23]. The early mouse embryo as well as
embryo-derived stem cells, provide favorable systems to study the regulatory networks necessary for
the dynamics of cell lineage specification.
5. Chromatin States in the Developing Embryo
Eukaryotic genomic DNA does not exist in a linear manner, but remarkably the several meters of
DNA in a given cell is compacted to fit into the volume of a single nucleus [28]. This tremendous
packaging of DNA into chromatin must still allow access for DNA-binding factors to regulate
transcription, as well as the DNA-dependent processes of replication, repair, and recombination.
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Chromatin wraps DNA, RNA, histone, and non-histone proteins into a complex known as a
nucleosome (Figure 4). The nucleosomal complex consists of 146 base pairs of DNA wrapped around
a core histone octamer (two copies each of histones H2A, H2B, H3, and H4) into a higher-ordered
chromatin structure. Nucleosomal arrays in vitro adopt a “beads on a string” fiber with a diameter of
10 nm that may be condensed to a 30 nm fiber [28] (Figure 4).
Figure 4. DNA is packaged into chromatin. About 80% of genomic DNA is packaged into
nucleosomes, which consists of 146 base pairs of DNA wrapped around a histone octamer.
The chromatin fibers adopt a “beads on a string” configuration with a diameter of 10 nm
and may be further condensed into a compact 30 nm fiber. The chromatin is folded into a
defined structure (as defined by the basic radial loop model) by chromatin remodeling
enzymes during cell mitosis.

Chromatin exists in a condensed or inactive state known as heterochromatin and in a decondensed
or open state known as euchromatin. A recent study using electron spectroscopic imaging to visualize
chromatin organization in both the early pre-implantation mouse embryo and undifferentiated cell
types, including iPS cells, revealed that chromatin fibers comprise an open configuration of 10 nm
mesh that fill the nucleus perhaps reflecting genes poised and ready for activation [29,30]. Upon
cellular differentiation, the chromatin structure becomes more condensed leading to large regions of
the nuclear volume devoid of DNA. (Figure 5 shows a schematic view of the data presented in [29]).
This open vs. closed chromatin state reflects chromatin modifiers and trans-factors that regulate fiber
compaction. Taken together, changes in chromatin fiber density may serve as a mark for pluripotency.
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Figure 5. Changes in chromatin fiber density may distinguish pluripotent and
differentiated cell types. Schematic view (interpreted from the experimental data in
reference [29]) of nuclei from pluripotent cells (left) and differentiated cells (right) using
electron spectroscopic imaging to visualize the chromatin organization. Undifferentiated
cells have a less compact, more euchromatin (open chromatin structure) as compared with
the heterochromatin (closed chromatin structure) present in differentiated cells.

Not only does the mechanical chromatin packaging determine heterochromatic vs. euchromatic
state but covalent post-translational modifications (PTMs) on the nucleosomal histone tails may
identify active genomic regions (Figure 6). Histone PTMs may provide a fundamental way of
regulating DNA accessibility during gene transcription, DNA replication, and DNA replication, and
DNA damage repair [31] Methylation of histones may occur at multiple lysine and arginine residues.
Up to three methyl groups at each lysine may be produced. For example, histone H3 lysine 4
trimethylation (H3K4me3) typically denotes a transcriptionally active genomic region, whereas
histone H3 lysine 27 trimethylation (H3K27me3) signifies an inactive or repressed region.
These repressed regions in early development are genes involved in pluripotency and lineage
differentiation [32–34]. These PTMs provide a “landing pad” or scaffold for transcriptional
co-activators or co-repressors. But, this combinatorial pattern of histone marking is rather complex.
Although ES cells show a globally open chromatin structure and are enriched for active H3K4
methylation marks, only a subset of promoters with H3K4 methylation show enrichment for elongating
RNAP II and histone H3 lysine 36 di- or tri-methylation (H3K36 me2 or me3) signifying active
transcription through the loci. Histone PTMs are some of the earliest marks of linage segregation with
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both the ICM and TE displaying differential histone modifications [35]. In the ICM, the Oct4 promoter
has increased histone 4 lysine 8 acetylation (H4K8ac) and H3K4me3 [36]. This contrasts to the Oct4
promoter in the TE, which has increased H3K9me2 (a repressive mark). Torres-Padilla, et al describe
other marks, histone 3 arginine 17 and arginine 26 monomethylation (H3R17me and H3R26me), that
differ in the mouse blastomeres as early as the 4-cell stage [37]. They show that there are higher levels
of H3R17me and H3R26me in cells destined to become the ICM, whereas, lower H3R17me and
H3R26me in the TE fated cells. Ectopic expression of Carm1 (the H3-specific arginine
methyltransferase responsible for placing the H3R17 and H3R26 methylation marks) into one of the
blastomeres at the 2-cell embryo stage shows that both the Nanog and Sox2 pluripotent genes get up
regulated and fated to ICM [37]. Thus, PTMs such as histone arginine methylation may mark the
cellular fate decisions towards pluripotency in the early mouse embryo. Additional PTMs as well as
the writers and readers of these marks may also signify differential cell fates.
Figure 6. Post translation modifications (PTMs) occur on the histone tails and a PTM code
designates genes “on” or “off”. In early embryos and ES cells, modifications can dictate
gene activation or repression. One example is the bivalent marks found in undifferentiated
ES cells in which histone H3 lysine 27 is trimethylated (H3K27me3) and histone H3
lysine 4 is trimethylated (H3K4me3). H3K27me3 is typically a repressive mark whereas
H3K4me3 denotes an active gene.

Studies in both mouse and human ES cells using chromatin immunoprecipitation (ChIP) assays
show that regions exist with overlapping active and repressive histone PTMs present [38]. These
“bivalent marks” (H3K4me3 and H3K27me3) provide signatures for genes poised and ready for
activation, and reflect the relatively euchromatin signature of the undifferentiated state (Figure 6).
Interestingly, a highly significant number of these bivalent domains co-localize with binding sites for
the pluripotent factors Nanog and Oct4 [33]. Thus, the bivalent chromatin state is suggested to be a
mechanism for retaining chromatin and cellular plasticity in early development [33].
Not only are there proteins responsible for adding the histone modifications, but there are factors
that interpret or read the marks, and other proteins that remove the covalent marks, thus providing a
dynamic process [31]. A recent report shows that LSD1 (lysine-specific demethylase 1), a key
modifier of H3K4 methylation, co-occupies bivalent domains and regulates the balance between
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pluripotency and differentiation. LSD1 participates in gene repression by enzymatically demethylating
H3K4 mono- and di-methyl (me1/me2) marks. Knockdown of LSD1 results in differentiation of
human embryonic stem cells derepressing several developmental genes [39]. These results suggest that
a critical balance is necessary between the pluripotent trans-factors and the histone modifications for
self-renewal and differentiation. Taken together, demethylases may identify either the chromatin
signature or enhancers in genes poised for activation in the undifferentiated state.
Enhancers are key regulatory regions crucial for sequence diversity and cell type specificity. Their
importance is underscored in early mouse development and lineage commitment, as they are the
cognate binding sites for the lineage-specific transcription factors [23]. Enhancers are situated in
decondensed chromatin regions as determined by hypersensitivity to digestion by the nuclease
DNase I. DNase I hypersensitive sites (HSs) identify nucleosomes that are excluded or repositioned
due to binding of transcription factors, and thereby provide a roadmap for potential regulatory regions.
Indeed it is speculated that the human and mouse genomes might each harbor up to a million
enhancers [23]. Nuclear architecture also plays a role in gene expression designating RNAP II
transcription factories within the subnucleus [23]. Together cell-specific trans-factors and chromatin
modifiers provide the precise and orderly differentiation of the early mouse embryo lineages.
6. Specification of the Embryo Lineages in the Mouse: A Transcriptional Circuitry
Several lineage-specific transcription factors have critical roles in the first three lineages of the
early embryo. The trans-factors Cdx2, Gata3 and Eomes are required in the TE, whereas Gata6, Gata4,
Sox17 and Sox7 are required in the PrE, while Oct4, Sox2, and Nanog function in the EPI lineage [2]
(Figures 2 and 3). These factors play key roles in development and mutations in many of the genes
encoding them will lead to failure in specification and/or maintenance of the lineages in which they
are expressed.
Both Oct4 and Nanog are expressed in all cells of the early embryo from 8- to 32-cell stage. By
contrast, levels of Sox2 decrease in the embryo until it reaches its lowest levels at 8-cell stage
(morula). At 16-cell stage the level of Sox2 increase again, but at this time expression is restricted to
inner cells suggesting Sox2 to be an early marker of inner vs. outer cell lineages [40]. However, by the
64-cell stage Nanog (named for the mythological Celtic Tir na nÓg “Land of the ever young”) is
exclusively expressed within the ICM in the cells that will form the EPI [25]. Moreover, Nanog
deficient embryos fail to specify EPI [41,42]. PrE is formed initially in Nanog mutant embryos but
fails to be maintained, suggesting that crosstalk between EPI and PrE may be required for lineage
maintenance in vivo [43]. The trans-factors Oct4 (containing an octamer DNA-binding domain) and
Sox2 (an Sry-box containing protein) have been shown to co-operate in the transcription of
downstream targets [44]. Oct4 is crucial for stabilizing pluripotency as deficient embryos fail to
generate an inner cell mass (ICM), such that all cells of Oct4-deficient embryos adopt a trophoblast
fate [45]. Furthermore, a recent study suggests that the kinetics of Oct4 may predict cell lineage
patterning in the early mouse embryo as early as the 4-8-cell stage [46]. Thus providing a strong bias
for whether morphologically indistinguishable cells will divide asymmetrically or symmetrically.
These dynamic behaviors are unrelated to the initial levels of Oct4, and therefore independent of the
absolute expression level within each cell [46]. Sox2 is present together with Oct4 in the early

Genes 2011, 2

429

blastomeres [47–49], and is later downregulated in cells where primitive endoderm (PrE) formation
and epithelialization is initiated. However, unlike Oct4, Sox2 will remain active in TE cells. Disruption
of Sox2 also results in an early lethality supporting a requirement for this factor in the specification of
the EPI and extraembryonic ectoderm [50]. Thus, both Oct4 and Sox2 are required to correctly specify
the cell lineages of the blastocyst, and loss of either factor produces a failure at implantation.
The Zn-finger protein Gata6 is a marker of extraembryonic endoderm lineages, and has been
proposed to be required within primitive endoderm (PrE) [51,52]. Indeed two Gata factors, possibly
with redundant function, are critical in specification of an extraembryonic endoderm identity as
overexpression of Gata6, or the related protein Gata4, in ES cells, is sufficient to downregulate Oct4
expression and induces a primitive endoderm-like identity [53]. Given the co-expression of Gata6 and
Gata4 in embryos, the similar effect resulting from their overexpression in ES cells, and since embryos
lacking either Gata factor alone, fail to exhibit profound defects in the primitive endoderm, suggests
functional redundancy. Thus double mutants will need to be generated and characterized to reveal the
Gata6/4 null state within the primitive endoderm lineage.
Prior to blastocyst formation the homeodomain transcription factor Cdx2 is initially co-expressed
with Oct4 in all blastomeres, though the respective levels of expression of these two factors do not
correlate [15,50,54,55]. It was recently noted that molecular differences in the expression levels of
Cdx2 can be detected as early as at the 8-cell stage, and that these differences may influence cell fate
commitment [56]. Moreover, it has been proposed that Cdx2 influences cell polarity by up-regulating
polarity genes such as aPKC within individual blastomeres. This leads to an asymmetric distribution of
Cdx2 mRNA and thereby results in asymmetric cell division where daughter cells with low levels of
Cdx2 contribute to ICM, whereas cells with high levels of Cdx2 will form TE [56]. Furthermore, high
levels of Cdx2 result in downregulation of Oct4 in these outside cells as TE differentiation is
initiated [54]. Conversely, in inside cells, Oct4, Sox2 and later Nanog are continuously expressed. The
restriction of these transcription factors to inside cells, and of Cdx2 to outside cells, reveals molecular
details of what is likely to be the first cell lineage segregation occurring within the developing mouse
embryo [54,57].
That said, it was recently reported that Oct4 expression is not restricted to ICM exclusively in early
stage bovine blastocysts, but is instead is co-expressed with Cdx2 in the TE. These data therefore
suggest an earlier restriction of TE lineage fate in mice compared to cow. These differences in Cdx2
expression and the divergence of early TE lineage restriction between the mouse and cow could be
attributed to the fact that mouse embryos implant soon after fertilization. Therefore mouse embryos
would require their placenta for sustenance far earlier than other mammals, including the cow as well
as humans [58]. Importantly these data reveal that some of the details of the transcriptional circuits
regulating early mammal development are divergent between species [59].
7. Segregation of TE and ICM Cell Fate: Gene Regulatory Networks Operating in the Early Embryo
Segregation of the two first lineages, TE and ICM, takes place in period of transition from morula
to early blastocyst (8 to 16-cell stage). Formation of TE requires: (1) asymmetric cell division, where
cell polarization as well as cell position play crucial roles; and (2) tightly regulated gene expression by
key trans-factors (Figure 2).
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The trans-factors Cdx2, Gata3 and Eomes have been shown to be important in the TE
lineage [15,16,60]. Cdx2 is required for TE lineage maintenance, and is expressed in the outer cells of
the blastocyst, where it acts to repress Oct4 and Nanog trans-factor levels in these blastomeres. Eomes
is also expressed in the TE of the blastocyst, however Eomes mutants are reported to arrest at
implantation at a later stage than Cdx2 mutants. Cells lacking Cdx2 or Eomes expression do not
differentiate towards the TE lineage and continue to express high levels of Oct4 and Nanog
respectively, thus these cells maintain characteristics of pluripotency. Overexpression of Cdx2 induces
ES cells to differentiate into trophoblast stem (TS) cell like cells [54]. Furthermore, overexpression of
Cdx2 in individual blastomeres of early mouse embryos will initiate their differentiation towards
TE [56] (Figure 2). Moreover, the transcription factor Gata3 has been shown to be upregulated and
specifically expressed within the TE lineage at the blastocyst stage [61]. Although Gata3 is
co-expressed with Cdx2 and is capable of inducing ES cells towards a trophoblast state, stable TS cell
lines cannot be recovered from ES cells induced to express Gata3. Therefore Gata3 is believed to be
necessary for promoting trophoblast maturation, but not for stabilizing TS stem cells [62]. Several
studies have shown that the regulation of TE formation is a complex process [3,4,49,56,63] as neither
Cdx2 nor Eomes mutants completely fail to initiate TE formation. Consequently, an upstream
transcription factor has been suggested to operate in TE lineage formation.
Tead4 (TEA Domain/transcription enhancer factor family) is widely expressed from the 2-cell stage
onwards and has been proposed to act upstream of Cdx2 to regulate TE formation [64,65]. Tead4
mutant embryos exhibit defects in the specification and development of TE and consequently do not
form a blastocoel. The expression of Cdx2 is decreased but not depleted in Tead4 mutant
blastomeres [64,65], placing Tead4 transcriptionally upstream of Cdx2. However, recent studies
suggest that any Cdx2 detected in Tead4 mutants could be provided from a maternal pool of
Cdx2 mRNA [3,4] Although, there is no clear indication of the exact function of this maternal pool of
Cdx2 mRNA, it has recently been suggested that it may participate in reinforcing the polarization of
blastomeres, and thereby play an important role for compaction and TE lineage formation [3]. These
conclusions are based on the findings that depletion of both maternal and zygotic Cdx2 results in
developmental arrest at an early blastocyst stage [66]. However, another study reported no correlation
between Cdx2 expression and the initiation of TE lineage commitment, suggesting that the
contribution(s) of both maternal and zygotic Cdx2 for blastocyst formation still warrants further
investigation [4]. The expression of maternal Cdx2 could exist independently of Tead4 and therefore
does not rule out the possibility of Tead4 acting upstream of zygotic Cdx2. The development of the
ICM is unaffected in Tead4 mutant embryos, since expression of ICM-specific trans-factors including
Oct4 and Nanog was detected in Tead4 mutant embryos, and ES cells could be established from
them [65]. However, Tead4 is crucial for the initiation of TE formation since the expression of Oct4 up
to the blastocyst stage could be suppressing Cdx2 expression and thus TE initiation, until Tead4
promotes Cdx2 expression by overcoming this negative input [64,65]. Moreover, Gata3 expression
becomes restricted to TE cells, and this expression is also dependent on Tead4, suggesting that Gata3
and Cdx2 act in parallel pathways downstream of Tead4 and function to activate target genes within
the TE lineage [62]. Taken together, these findings reveal a critical requirement for Tead4 in blastocyst
formation where a functional TE is one of the hallmarks, and Tead4 is a key transcription factor
required for specific activation of Cdx2 expression and the initiation of TE formation. Although Tead4
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regulates Cdx2, its expression is not restricted to the outer cells of the developing blastocyst. Rather,
Tead4 is ubiquitously expressed in the preimplantation embryo. Hence, the question arises as to
whether Tead4 plays an instructive role in TE lineage specification [64].
8. Building the TE Lineage through the HIPPO Pathway Signal Cascade
One plausible explanation for how Tead4 might activate Cdx2 only in outer cells of the compacted
morula without being restricted to these cells could be the involvement of a co-activator protein that
itself is expressed and/or functions only in these outside blastomeres. Indeed, Tead family transcription
factors require the transcriptional co-activator Yes-associated protein (Yap) to stimulate downstream
gene expression [65,67,68]. Thus, Yap is a candidate for regulating Cdx2 expression together with
Tead4 in outer blastomeres. Consistent with this hypothesis Yap expression is detected in the nuclei of
all blastomeres at the early 8-cell stage, but later on its expression becomes restricted only to outside
cells where it increases up until the 30-cell stage and thereafter remains at a constant level [69].
Concomitantly the expression of Yap in inside cells decreases and the protein is excluded from nuclei.
Since Yap deficient embryos form a normal TE it has been suggested that Taz (transcriptional
co-activator with PDZ-binding motif), another transcription co-activator having approximately 50%
sequence identity with Yap, might compensate for the loss of Yap [70,71]. High levels of Taz have
been observed in the nuclei of outside blastomeres, whereas low levels were detected in nuclei of
inside cells [69]. Even though not all Taz-deficient embryos die before birth, double Yap and Taz
mutant embryos exhibit a more severe phenotype as they fail to establishment inside ICM vs. outside
TE cells [64,72,73]. Thus, co-activators Yap/Taz function to establish the position-dependent Tead4
protein activity underscoring the importance of posttranslational regulation and protein-protein
interactions in early development.
The signaling pathway through which the transcription regulators Yap/Taz have been suggested to
establish Tead4 activity is the Hippo pathway (Figure 7). This signaling pathway, which is conserved
from Drosophila to mammals, is a major regulator of cell growth, proliferation, apoptosis, and is
critical for cell fate decisions. Phosphorylation of Yap/Taz by the Ser/Thr kinases Lats1 and Lats2
regulates subcellular localization of the Yap/Taz proteins and thereby their activation of downstream
targets [68,69,74]. Phosphorylation of Yap/Taz by Lats1/2 results in accumulation of Yap/Taz proteins
in the cytoplasm leading to inactive Tead4 in inner cells which are fated to form ICM cells. However,
in outside cells activated Tead4 induces Cdx2 expression due to shuttling of Yap/Taz into the nuclei of
these cells leading to acquisition of TE fate.
Recently a likely connection between the Hippo signaling pathway and the TGFβ/Smad signaling
pathway was uncovered when Taz was shown to bind Smad2/3-4 complexes in response to
TGFβ-signaling and thus control their nucleo-cytoplasmic shuttling. Active Smad complexes and
Yap/Taz proteins co-localized in vivo with cell density signals responsible for the phosphorylation of
Yap/Taz through binding of the Crumbs polarity complex. Phosphorylation of Yap/Taz leads to the
accumulation of cytoplasmic Yap/Taz and suppression of TGFβ signaling [75,76]. The coupling
between cell density and Yap/Taz regulation may explain the outside cell restriction of Cdx2. Cdx2
might not be expressed in ICM cells because inside cells, being at a higher density, may sense
surrounding cells resulting in phosphorylation of Yap/Taz. The phosphorylation of Yap/Taz in inner
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cells may fail to activate downstream targets, such as the Cdx2 gene. Thus, the complex orchestration
of trans-factors, cell position, cell polarity, and signaling may control TE fate within the early embryo.
Figure 7. A model of cell position (inside vs. outside) and cell fate specification in the
early embryo involves members of the Hippo pathway. Several components of the Hippo
pathway are implicated in TE versus ICM fate. The Hippo pathway converts cell density
information into cell growth control and gene activity. In the low-density or “outside”
cells, the transcriptional co-factor, Yap/Taz, are trans-located into the nucleus by cellular
signals. This nuclear Yap/Taz binds Tead4 and transcriptionally activates TE genes, such
as Cdx2, to specify TE fate. The Crumbs (Crb) polarity complex interacts with Yap/Taz
promoting nuclear accumulation of TGF-B and SMAD signals, linking TFG-B activity in
the Hippo pathway. In high-density or “inside cells”, Yap is phosphorylated by Hippo
kinases, such as Lats 1/2, excluding Yap/Taz from the nucleus. TGF-B/SMADs are also
retained in the cytoplasm. As a consequence, Tead4 remains inactive, keeping TE-specific
genes silent. These inside cells are destined to become ICM.

9. Sorting the Lineages: A Biological Puzzle
Cells of the ICM will commit to either an EPI or PrE fate (Figure 3). It was originally proposed that
cells of the ICM were equipotential and could contribute to either EPI or PrE and that fate was
primarily controlled by a cell‟s location within the ICM. This “positional” model primarily arose from
the observation that PrE cells form a epithelial monolayer on the surface of the ICM adjacent to the
blastocoel cavity [77,78], and was further supported by ex vivo studies in which the outer layer of
embryoid bodies (generated from ES cells) is composed of extraembryonic endoderm [79,80].
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Recently this model has been revised, and it is presently believed that commitment to PrE vs. EPI fate
occurs at an earlier stage and is likely governed by trans-factor expression levels in individual cells, as
well as positional signals, cell sorting and selective apoptosis within the ICM [81–83].
10. EPI and PrE Lineage Allocation in the ICM
Lineage-specific transcription factors are co-expressed in early ICM cells with both Nanog and
Gata6 proteins present in all cells of the embryo until the early blastocyst stage when they are
downregulated in outer cells prior to TE formation. However, observations in ES cells have revealed
that neither the levels of Nanog nor Gata4/6 are uniform, but in fact they fluctuate over time, with low
levels of Nanog predisposing cells towards differentiation even prior to a final commitment [84].
Based on these observations, it is tempting to speculate that this may also be true in vivo, though
further investigation of trans-factor expression levels in individual cells within developing embryos
will be required to formally establish if this is the case. Several studies have proposed that
commitment to EPI vs. PrE fate is evident at, or shortly after, the 64-cell stage. Coincident with this
lineage segregation event, Nanog is repressed by Grb2/MAP kinase signaling in a subset of cells, as
they initiate PrE lineage commitment [47,81]. A characteristic sequence of trans-factor activation is
associated with the progression of cells through PrE cell lineage commitment, with a defined temporal
and spatial profile: Gata6 > Sox17 > Gata4 > Sox7 [85] (Figure 3). Even though initially widely
expressed, Gata6 expression gradually becomes restricted to cells fated to form PrE. From around
the ~64-cell stage the expression of Nanog and Gata6 becomes mutually exclusive resulting in a
salt-and-pepper distribution of cells expressing one or other trans-factor within the ICM [81,83]. Gata6
expressing cells will co-express Sox17, a transcription factor required for the maintenance of the
PrE [85,86]. Indeed, overexpression of Sox17 in individual blastomeres has been shown increase their
propensity to give rise to PrE [86,87], whereas overexpression of Gata6 does not [82,86]). Finally,
Sox17 has been shown to be required for the isolation of PrE-derived XEN cells highlighting its role
on PrE induction [87]. Gata4 is only detected in PrE committed cells once the salt-and-pepper
distribution has emerged [81,83], while Sox7 is only detected in PrE-committed cells in their final
position on the cavity roof [85]. These findings suggest that within the ICM, EPI vs. PrE cell lineage
choice occurs at an early time point [81–83]. However, cell fate commitment does not depend on gene
expression alone, but is also likely to be influenced and/or reinforced by position within the ICM. Thus
perhaps some cell fate plasticity likely exists even after the 64-cell stage.
Prospective Nanog-positive EPI cells are intermingled with prospective PrE cells, which are
Gata6/Sox17/Gata4-positive. These two mutually exclusive populations contain cells that are localized
in both deeper and more superficial cell compartments of the ICM [81,83]. The salt-and-pepper
distribution of prospective EPI and PrE cells is subsequently resolved into two distinct layers as cells
of the ICM sort, in a process shown to require differential cell adhesive properties, as well as
active actin-dependent movements [82,83]. As sorting proceeds, and PrE fated cells arrive on the
cavity roof, these Gata6/Sox17/Gata4-expressing cells become Sox7-positive. At this time any
Gata6/Sox17/Gata4-expressing cells that have not sorted to the surface of the ICM, are removed from
the embryo through selective apoptosis [82,83]. Gata6/Sox17/Gata4/Sox7-positive cells are positioned
on the surface of the ICM adjacent to the blastocyst cavity. From there they concomitantly deposit
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basement membrane, polarize and initiate epithelialization, until a monolayer of cells is formed on the
surface of ICM creating the PrE [83,85]. Thus PrE cells also express polarity and basement membrane
markers such as Lrp2, Dab2 and Collagen-IV [88], while Pdgfr, another early PrE marker, was
recently shown to be involved in PrE lineage expansion [89].
11. Emergence of a Mutual Distribution of Transcription Factors within the ICM: Still Pieces of
the Puzzle Missing
Taken together, the choreography of gene regulation, gene expression, and signaling cascades likely
determines cell fate specificity in the early embryo. However, how the salt-and-pepper distribution
emerges remains unknown, and is subject to much debate. Recently several studies, which are not
necessarily mutually exclusive, have been proposed to explain how this distribution might be achieved.
The “time outside - time inside” model proposes developmental timing of cell internalization is key
in cell fate choice [86]. Cells from the first wave of internalization (from 8-cell to 16-cell stage) have a
propensity towards pluripotency and therefore biased towards an EPI fate, whereas cells internalized in
the second (from 16-cell to 32-cell stage) and possibly also a third waves (from 32-cell to 64-cell
stage) will be biased towards PrE due to their prolonged external position. This model proposes that
pluripotential inversely correlates with “time on the outside”, such that pluripotency is favored when
cells are internalized and thus protected from outside (potentially differentiating) factors [86,87,90].
Molecular evidence supporting this model comes from expression levels of both Sox17 and Gata6,
which have been reported to be up-regulated in cells internalized from the second but not the first
wave [86]. Such a situation may indeed be sufficient to prime cells to differentiate to PrE lineage [84,85]
This model also posits that cell lineage specification depends on asymmetric cell division arising from
cell polarity generated by the different waves of cell internalization. Moreover in a recent study,
lineage tracing of embryos using two-photon microscopy revealed that asymmetric cell divisions may
arise from a unique cell population, referred to as intermediate, possessing characteristics of both inner
and outer cells [91].
Another recent study in which single cells from embryos were expression profiled has suggested
that differences in the timing of inner cell formation might give rise to temporal differences in the
upregulation of Sox2 within prospective inner cells [40]. In this way, inner cells that are formed
earliest activate Sox2 expression before those arising later, and thus these cells have a greater
propensity to contribute to EPI. Notably, single cell expression profiling revealed Fgf4/Fgfr2
expression to be reciprocal before that of lineage-specific trans-factors [40]. Thus, both temporal
differences in the generation of ICM cells, as well as their Fgf signaling status, may help influence the
decision of a cell to adopt an EPI vs. PrE fate. In this way, inner cells that form early may
preferentially give rise to the EPI lineage, due to high levels of Sox2, which result in the expression of
Fgf4, a direct target of Sox2 and Oct4 [45,92]. On the other hand, inner cells formed later on would
express lower levels of Sox2, and thereby lag in the activation of Fgf4, but be exposed to Fgf4
produced by their earlier born counterparts, thereby leading them to adopt a PrE fate. If this is the case,
it would argue for a negative feedback mechanism operating within the ICM between cells born from
early vs. later waves of internalization, such that those already committed to an EPI fate can influence
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or restrict the developmental fate of the cells that follow them. These findings lend support to the “time
outside-time inside” model proposed by Zernicka-Goetz and colleagues [86].
However, yet another recent study has suggested that the timing of generating inner cells may not
be sufficient to restrict cell fate commitment [93,94]. Instead a dynamic plasticity may exist within the
ICM with the Fgf/MAP kinase-signaling pathway, playing a key role in EPI vs. PrE lineage choice.
Blocking Fgf/MAP kinase signaling, either in Grb2-deficient embryos or by addition of Fgfr/MEK
inhibitors, resulted in all ICM cells adopting an EPI identity. By contrast, all ICM cells acquired a PrE
identity when embryos were treated with a high dose of exogenous Fgf. The importance of Fgf/MAP
kinase signaling in the segregation of EPI and PrE lineages is further supported by earlier studies on
embryos deficient in various pathway components including the ligand Fgf4, the Fgf receptor 2
(Fgfr2) a receptor tyrosine kinase (RTK) and Grb2 (an RTK adaptor protein) [81,95–98]. Although
there is evidence for this biased development, it does not mean that cells are fully committed and not
flexible to respond to extreme signaling conditions, such as high Fgf activity or loss of Fgf signaling
[93,94]. Even though these two models may seem contradictory regarding how the proportion of EPI
vs. PrE lineages is regulated in the early preimplantation mouse embryo, this disparity has been
discussed [99–101]. Indeed, technical differences could lead to apparent discrepancies between
studies. Yamanaka and colleagues were analyzing the contribution of fluorescent labeled progeny of
single 8-cell blastomeres in both pre- and post-implantation embryos, the latter ensured that the
EPI/PrE cells were fully functional and did commit to the different cell fates. By contrast, Morris and
colleagues were manually tracking each cell in 8-cell blastomeres. This allowed them to detect which
of the cells had originated from the first vs. second wave of internalization and thereby analyze the
proportion of EPI/PrE lineages based on cell position. The key differences between the two studies
may lie in the proportions of internalized cells in each wave of asymmetric division. Based on these
findings the different outcome could either be due to different mouse strains used in these two studies,
where CD1 may divide more asymmetrically than C57Bl/6;CBA hybrids, or simply arise from the
different experimental approaches [99–101].
12. Inducing the Early Lineages by Reprogramming Adult Somatic Cells: The Importance of
Transcription Factors
The first ES cells were isolated over thirty years ago by Evans and Kaufman and Martin [20,21].
Their experiments described the methods to derive and maintain ES cells indefinitely in a pluripotent
state as defined by the formation of a germline transmitting chimeras. These groundbreaking studies
with ES cells led to the formulation of methods for gene targeting and the generation of genetically
modified strains of mice [1,2]. We now know that the trans-factors specific for each lineage of the
blastocyst stage embryo, play important roles in the establishment and maintenance of stem cell types
representing each cell lineage of the blastocyst. Loss of Oct4 in ES cells results in a loss of
pluripotency and cell fate, underscoring the importance for this factor in “stem-ness”, therefore, Oct4
levels must be tightly regulated [41,102]. Similarly, overexpression of Cdx2 or Gata3 in ES cells can
completely override the pluripotency program and direct cells into a TS cell state [54,62], while
XEN-like cells arise from overexpression of Gata4 or Gata6 in ES cells [53,103]. Indeed it has also
been shown that a crucial ES cell maintenance factor, Myc, can repress PrE differentiation through
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Gata6 [104]. Taken together, lineage-specific trans-factors together with co-factors target genes to turn
on a program defining cell lineage identities.
Stem cell biology has rapidly advanced in recent years due to the characterization of transcription
factors that serve as key regulators for different lineages. In their landmark study, Yamanaka and
Takahashi showed that overexpression of Oct4, Sox2, Nanog, Klf4, and c-Myc is sufficient to
reprogram adult somatic cells back to an induced pluripotent stem cell (iPS) state [1,2,105]. These
studies paved the way for experiments in human cells, as well as for lineage-specific cellular
reprogramming, and now offer hope for correcting debilitating diseases [106].
13. Setting the Marks in the Embryo
It is well established that ectopic expression of single or multiple trans-factors can be sufficient to
convert one cell type into another, as was originally demonstrated with the studies of Weintraub and
colleagues nearly twenty five years ago when they converted fibroblasts to myoblasts by ectopic
expression of MyoD [107]. The embryonic and extra-embryonic lineages are established by key
trans-factors such as Oct4, Sox2, Nanog, Cdx2, and Eomes. Once specified, these cell fates must be
stably inherited. The exact molecular mechanisms driving lineage allocation in the developing embryo
and iPS reprogramming events remain largely unknown. It is likely that epigenetic modifications and
an epigenetic code in addition to the trans-factors are reset to alter cellular fate.
The prefix “Epi” (Greek for “on top of” or “in addition to”) in epigenetics literally refers to a
mechanism that leads to a stable, yet reversible, phenotype without a change in genotype [38]. The
term epigenetics has several definitions and at times the use of the term “epigenetics” may be
misleading or misused as essayed by Ptashne and Bird [108,109]. In 1957, Conrad Waddington
defined epigenesis as the study of how cells give rise to phenotypes during development [110].
Waddington‟s view of epigenetics described the development of a cell lineage from a pluripotent state
towards terminal differentiation as the path of a ball travelling down several branching pathways,
where the ball once reaching the final valley cannot return back up to hill to its starting point. The
generation of iPS cells, nuclear transfer and somatic cell fusions defy Waddington‟s original definition of
epigenetics by reprogramming a terminally differentiated cell back to an ES-like state. More recently
Riggs and colleagues defined epigenetics as, “the study of mitotically and/or meiotically heritable
change in gene function that cannot be explained by changes in DNA sequence” [111]. Taken together,
epigenetics is a complex regulatory mechanism irrespective of the nucleic acid code that is not well
understood in mammals. Here, we discuss the stably, inherited epigenetic marks including DNA
methylation and chromatin modifications in the early mouse embryo. DNA methylation and polycomb
group proteins (PcG) are two classic epigenetic systems in development [108].
In mammalian development, X-chromosome inactivation (XCI) and genomic imprinting are
examples of epigenetic regulation. XCI, a crucial epigenetic event in early mammalian development, is
accomplished by randomly silencing one of the two female X chromosomes in the soma to ensure
equal X gene expression between XX females and XY males. A second form of XCI occurs in the
extraembryonic tissues (imprinted XCI), in which the paternal female X chromosome is
silenced [112,113]. These two forms of XCI segregate within cell lineages. Shortly after fertilization,
the paternal X-chromosome is inactivated. This inactive state must be erased within cells of the
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embryo proper before random XCI takes place. Between E3.5 an E4.5, the inactive paternal X
chromosome is exclusively reactivated in cells fated to form the pluripotent epiblast, but not in
extraembryonic cells, namely those fated to form trophectodem (TE) and primitive endoderm (PrE).
Shortly after this time, one of the two Xs is randomly chosen for silencing. Each of the stem cell types
derived from, and representing, the lineages of the blastocyst faithfully recapitulates the events taking
place within the embryo (ES cells exhibit random, whereas XEN and TS cells show the imprinted form
of XCI). XCI exemplifies the global epigenetic reprogramming observed during ES cell
differentiation. Somatic XCI is achieved by homologous X-chromosome pairing, counting, and the
mutually-exclusive choice of active vs inactive X chromosome. XCI is tightly coupled with ES
differentiation where Oct4 regulates XCI by triggering X-X pairing and counting [114]. These results
agree with data proposing that both Oct4 and Nanog regulate XCI [115]. The epigenetic
reprogramming of somatic cells to iPS is accompanied by the reactivation of the silenced female X
chromosome [116]. Taken together, these observations couple ES cellular differentiation with XCI via
the pluripotent factors, such as Nanog and Oct4.
Genomic imprinting is an epigenetic process set in the germ line that allows parent-of-origin gene
expression. One of the most studied imprinted loci is the mouse H19/Igf2 domain on chromosome 7.
H19 and Igf2 show monoallelic expression from the maternal and paternal chromosomes,
respectively [117]. Both XCI and autosomal imprinting share common molecular mechanisms such as
DNA methylation, long non-coding RNAs, DNA repeat regions, and chromatin insulation [118].
DNA methylation is an essential process in mammalian development and is achieved by the placement
of 5-methylcytosine (5mC) on CpGs via DNA methyltransferase enzymes [119–121] Approximately
~2–8% of the total cytosine‟s in the mammalian genome are methylated resulting in a broad range of
biological function such as chromatin structure, gene expression, and the maintenance of cellular
identity. DNA methylation is associated with stable gene silencing such as the marks present on the
inactive X female chromosome [113].
Three catalytically active DNA methyltransferases (Dnmt)1, Dnmt3a, and Dnmt3b establish and
maintain DNA methylation in mammals. The de novo DNA methyltransferases Dnmt3a and Dnmt3b
initially establish DNA methylation during the blastocyst stage of development while the maintenance
methyltransferase Dnmt1 maintains DNA methyl marks during cell divisions. In addition, two
homologous proteins, Dnmt2 and Dnmt3L are expressed in several cells types including ES
cells [111]. Loss of Dnmt1 and Dnmt3b in mice results in embryonic lethality at E8.5-9 [122,123].
whereas Dnmt3a null mice die by four weeks of age [123]. Taken together, the DNA
methyltransferases are crucial for early mouse development. Although DNA methylation is generally
regarded as a stable epigenetic mark, DNA demethylation may remove the 5-methylcytosine. In early
development fertilization initiates epigenetic events that are characterized by rapid active DNA
demethylation prior to DNA replication and by the time of the first lineage segregation and
differentiation of TE, de novo DNA methylation is initiated again in the embryo. Indeed, one of the
earliest epigenetic marks in lineage allocation is this global wave of de novo methylation of the ICM in
blastocysts. In contrast, the TE cells in the blastocyst remain hypomethylated [124]. This differential
methylation is retained through development in these tissues [125,126]. The Hemberger and Reik lab‟s
reported that embryonic stem cells deficient for the maintenance DNA methyltransferase, Dnmt1,
results in trophoblast differentiation [127]. They further showed that the Elf5 transcription factor
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promoter is differentially methylated: hypermethylated in wild type ES cells and hypomethylated in
wild type TS cells. The loss of Dnmt1 in ES cells, results in hypomethylation of the Elf5 promoter,
suggesting that Elf5 may directly activate the TS genes. Consistent with this hypothesis, Elf5 can bind
and reinforce expression of the TS genes Cdx2 and Eomes [127]. Thus, DNA methylation is an
important TE versus ICM cell fate switch.
Other classical epigenetic systems in development are the polycomb group (PcG) and trithorax
group (TrxG) proteins. These names derive from the mutant phenotypes in the fruitfly and these
modifiers maintain active gene repression (PcG) or activation (TrxG) states [128,129]. In addition to
all of the DNA methyltransferases, the PcG proteins are highly expressed in undifferentiated mouse ES
cells [130]. Whereas the loss of DNA methylation prevents ES cells from stably differentiating, the
loss of PcG proteins results in differentiation. As mentioned above, one of the earliest lineage
segregation marks are histone modifications [35]. In the mouse, the PcG proteins catalyze the
H3K27me3 histone modification. This is accomplished by polycomb repressive complex (PRC) 2 that
contains enhancer of zeste (Ezh2) (the enzyme that tri-methylates H3K27), Eed (embryonic ectoderm
development), and Suz12 (suppressor of zeste 12). The loss of any of the PRC2 subunits in the mouse
results in early embryonic lethality underscoring their importance. Ezh2-deficient embryos die around
gastrulation [131,132]. Eed-deficient embryos have gastrulation defects and do not maintain the
imprinted form of XCI in the extraembryonic tissues [133,134]. ES cells lacking Eed show
spontaneous differentiation and exhibit derepressed developmental genes [135–137]. Suz12 mutants
show early postimplantation defects [131,132].
The recent demonstration that the ten-eleven translocation (Tet) proteins can hydroxylate 5mC to
5-hydroxymethylcytosine (5hmC) raised the possibility that an additional epigenetic state may
exist [138]. Mouse ES cells have a relative enrichment of 5hmC and the Tet1 family member is highly
expressed in undifferentiated ES. Tet1 mRNA levels decrease upon ES cell differentiation [139]. Tet1
is required for ES cell maintenance [139] as knockdown of Tet1 in ES cells results in the upregulation
of Cdx2, Sox17, and other genes involved in development and differentiation. In contrast, ablation of
Tet1 in ES cells results in a decrease of genes related to pluripotency and ES cell function [140].
Knockdown of Tet1 in pre-implantation embryos results in a bias towards TE, suggesting that Tet1 is
important for ICM specification [139]. Tet1 preferentially binds the transcriptional start sites at CpGrich promoters at both active and polycomb repressed genes, establishing a role of Tet1 in modulating
DNA methylation [141].
Taken together, DNA methylation and histone modifications are essential for early mouse lineage
specification. Epigenetic landscapes set the stage for understanding normal development, as well as
understanding the reprogramming of somatic cells to pluripotent states.
14. What More Can the Mouse Teach Us?
We have made great strides in interrogating the early mouse embryo towards better understanding
how the respective lineages are derived and maintained. Nevertheless, many questions still remain. To
date, there are several key lineage-specific transcription factors shown to be involved in the allocation
and/or maintenance of the first cell lineages (TE, EPI, and PrE). However, neither all their downstream
gene targets nor their protein interacting partners have been identified. Also, we now recognize that the
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levels of these trans-factors are important, but we do not yet fully understand how the fluctuations of
some of these proteins are regulated, or what they signify. Might post-translational modifications of
these trans-factors alter their activity? We still need to develop a detailed understanding of the
interactions taking place between different factors operating within the gene regulatory networks
contributing to the complex signaling pathways responsible for lineage specification. Moreover, we
would need better insight into how transcriptional regulation is coupled to the control of cell position,
cell density and cell signaling. Furthermore, epigenetic events can contribute to cell fate decisions in
the early embryo, but it is still unknown how these lineage-specific trans-factors remodel the
chromatin in the context of epigenetic changes or remodeling within specific genic locations to induce
a particular cell fate.
Studies in both mouse and human have identified trans-factors necessary and sufficient to convert a
differentiated somatic cell back to the pluripotent state (induced pluripotent stem cell; iPS cell). But
this is an inefficient process, taking weeks for an adult cell to revert back to as state of “stem-ness”.
Indeed, additional investigations are needed to understand this conversion process to drive cells to a
particular cell fate for replacement therapies. A primary goal of iPS cell methodology is to study
diseases in a cell culture system as well as to deliver and repopulate damaged tissues (such as those in
Parkinson‟s disease, amyotrophic lateral sclerosis, etc.) in order to restore normal function [142]. The
exciting possibility of taking patient autologous cells, correcting an inherent genetic deficiency in an
ex vivo system, and subsequently transplanting these corrected cells back to the patient without tumor
formation is currently not possible but a hopefully an attainable goal for the future. Thus, both the
efficacy and the delivery of properly fated cells are crucial for the advancement of this field to human
therapies. The crucial marks that get reset upon conversion to a state of “stem-ness” are presently
under investigation and the molecular mechanisms that “erase” these adult lineage marks to the
progenitor state are not fully understood.
To understand how pluripotency is regulated, we need to understand the mechanisms deployed by
the embryo to control lineage choice and plasticity. Not only on the molecular level, but also
epigenetically since the early mouse embryo and its pluripotent cells have a characteristic epigenetic
signature to mark cell fate that is subject to reprogramming. Thus, the mouse provides us with a model
to study the acquisition of an iPS cell-like state and therefore offers a powerful tool for regenerative
medicine [38]. Taken together, understanding the mouse embryo should lead to a deeper understanding
of human stem cells, which will provide new insights in how these can be exploited for treatment and
therapy. We still have much to learn from the mouse.
Acknowledgements
We thank Mats Ekstrand, Hugo Pinto and Panos Xenopoulos for critical reading and comments on
the manuscript. AB is supported by a Tri-Institutional Stem Cell Initiative (Tri-SCI) grant awarded to
Roger Gosden and AKH. Work in AKH‟s lab is supported by the NIH (RO1-HD052115 and
RO1-DK084391), NYSTEM and Tri-SCI/The Starr Foundation; work in MED‟s lab is supported by
the NIH (RO1-NIMH090267) and the Burke Foundation.

Genes 2011, 2

440

References
1.
2.
3.

4.

5.
6.
7.

8.
9.

10.

11.
12.
13.
14.
15.

16.

Rossant, J.; Tam, P.P. Emerging asymmetry and embryonic patterning in early mouse
development. Dev. Cell 2004, 7, 155–164.
Rossant, J.; Tam, P.P. Blastocyst lineage formation, early embryonic asymmetries and axis
patterning in the mouse. Development 2009, 136, 701–713.
Jedrusik, A.; Bruce, A.W.; Tan, M.H.; Leong, D.E.; Skamagki, M.; Yao, M.; Zernicka-Goetz, M.
Maternally and zygotically provided Cdx2 have novel and critical roles for early development of
the mouse embryo. Dev. Biol. 2010, 344, 66–78.
Wu, G.; Gentile, L.; Fuchikami, T.; Sutter, J.; Psathaki, K.; Esteves, T.C.; Arauzo-Bravo, M.J.;
Ortmeier, C.; Verberk, G.; Abe, K.; et al. Initiation of trophectoderm lineage specification in
mouse embryos is independent of Cdx2. Development 2010, 137, 4159–4169.
Papaioannou, V.E.; Mkandawire, J.; Biggers, J.D. Development and phenotypic variability of
genetically identical half mouse embryos. Development 1989, 106, 817–827.
Tarkowski, A.K. Experiments on the development of isolated blastomers of mouse eggs. Nature
1959, 184, 1286–1287.
Tarkowski, A.K.; Suwinska, A.; Czolowska, R.; Ozdzenski, W. Individual blastomeres of
16- and 32-cell mouse embryos are able to develop into foetuses and mice. Dev. Biol. 2010, 348,
190–198.
Piotrowska-Nitsche, K.; Perea-Gomez, A.; Haraguchi, S.; Zernicka-Goetz, M. Four-cell stage
mouse blastomeres have different developmental properties. Development 2005, 132, 479–490.
Piotrowska-Nitsche, K.; Zernicka-Goetz, M. Spatial arrangement of individual 4-cell stage
blastomeres and the order in which they are generated correlate with blastocyst pattern in the
mouse embryo. Mech. Dev. 2005, 122, 487–500.
Ciemerych, M.A.; Mesnard, D.; Zernicka-Goetz, M. Animal and vegetal poles of the mouse egg
predict the polarity of the embryonic axis, yet are nonessential for development. Development
2000, 127, 3467–3474.
Johnson, M.H.; McConnell, J.M. Lineage allocation and cell polarity during mouse
embryogenesis. Semin. Cell Dev. Biol. 2004, 15, 583–597.
Surani M.A.; Hayashi K.; Hajkova P. Genetic and epigenetic regulators of pluripotency. Cell
2007 128, 747–762.
Zernicka-Goetz, M. Fertile offspring derived from mammalian eggs lacking either animal or
vegetal poles. Development 1998, 125, 4803–4808.
Johnson, M.H.; Ziomek, C.A. Induction of polarity in mouse 8-cell blastomeres: Specificity,
geometry, and stability. J. Cell Biol.1981, 91, 303–308.
Strumpf, D.; Mao, C.A.; Yamanaka, Y.; Ralston, A.; Chawengsaksophak, K.; Beck, F.; Rossant, J.
Cdx2 is required for correct cell fate specification and differentiation of trophectoderm in the
mouse blastocyst. Development 2005, 132, 2093–2102.
Arnold, S.J.; Hofman, U.; Bikoff, E.K.; Robertson, E.J. Pivotal roles for eomesodermin during
axis formation, epithelium-to-mesenchyme transition and endoderm specification in the mouse.
Development 2008 135, 501–511.

Genes 2011, 2
17.
18.

19.
20.
21.
22.

23.
24.

25.

26.
27.

28.
29.

30.

31.
32.

441

Nowotschin, S.; Hadjantonakis, A.K. Cellular dynamics in the early mouse embryo: From axis
formation to gastrulation. Curr. Opin. Genet. Dev. 2010, 20, 420–427.
Kunath, T.; Arnaud, D.; Uy, G.D.; Okamoto, I.; Chureau, C.; Yamanaka, Y.; Heard, E.;
Gardner, R.L.; Avner, P.; Rossant, J. Imprinted X-inactivation in extra-embryonic endoderm cell
lines from mouse blastocysts. Development 2005, 132, 1649–1661.
Tanaka, S.; Kunath, T.; Hadjantonakis, A.K.; Nagy, A.; Rossant, J. Promotion of trophoblast
stem cell proliferation by FGF4. Science 1998 282, 2072–2075.
Evans, M.J.; Kaufman, M. Establishment in culture of pluripotential cells from mouse embryos.
Nature 1981, 292, 154–156.
Martin, G.R. Isolation of a pluripotent cell line from early mouse embryos cultured in medium
conditioned by teratocarcinoma stem cells. Proc. Natl. Acad. Sci. USA 1981, 78, 7634–7638.
Thomson, J.A.; Itskovitz-Eldor, J.; Shapiro, S.S.; Waknitz, M.A.; Swiergiel, J.J.; Marshall, V.S.;
Jones, J.M. Embryonic stem cell lines derived from human blastocysts. Science 1998, 282,
1145–1147.
Bulger, M.; Groudine, M. Functional and mechanistic diversity of distal transcription enhancers.
Cell 2011, 144, 327–339.
Visel, A.; Blow, M.J.; Li, Z.; Zhang, T.; Akiyama, J.A.; Holt, A.; Plajzer-Frick, I.; Shoukry, M.;
Wright, C.; Chen, F.; et al. ChIP-seq accurately predicts tissue-specific activity of enhancers.
Nature 2009, 457, 854–858.
Jeong, Y.; El-Jaick, K.; Roessler, E.; Muenke, M.; Epstein, D.J. A functional screen for sonic
hedgehog regulatory elements across a 1 Mb interval identifies long-range ventral forebrain
enhancers. Development 2006, 133, 761–772.
Wallace, J.A.; Felsenfeld, G. We gather together: Insulators and genome organization. Curr.
Opin. Genet. Dev. 2007, 17, 400–407.
Nikolaev, L.G.; Akopov, S.B.; Didych, D.A.; Sverdlov, E.D. Vertebrate Protein CTCF and its
Multiple Roles in a Large-Scale Regulation of Genome Activity. Curr. Genomics 2009, 10,
294–302.
Nemeth, A.; Langst, G. Chromatin higher order structure: Opening up chromatin for
transcription. Briefings Funct. Genomics Proteomics 2004, 2, 334–343.
Ahmed, K.; Dehghani, H.; Rugg-Gunn, P.; Fussner, E.; Rossant, J.; Bazett-Jones, D.P. Global
chromatin architecture reflects pluripotency and lineage commitment in the early mouse embryo.
PLoS One 2010, 5, e10531.
Fussner, E.; Ahmed, K.; Dehghani, H.; Strauss, M.; Bazett-Jones, D.P. Changes in Chromatin
Fiber Density as a Marker for Pluripotency. Cold Spring Harbor Symp. Quant. Biol. 2010, 75,
245–249.
Chi, P.; Allis, C.D.; Wang, G.G. Covalent histone modifications--miswritten, misinterpreted and
mis-erased in human cancers. Nat. Rev. Cancer 2010, 10, 457–469.
Barski, A.; Cuddapah, S.; Cui, K.; Roh, T.Y.; Schones, D.E.; Wang, Z.; Wei, G.; Chepelev, I.;
Zhao, K. High-resolution profiling of histone methylations in the human genome. Cell 2007, 129,
823–837.

Genes 2011, 2
33.

34.

35.

36.
37.
38.
39.

40.

41.

42.

43.
44.

45.

46.
47.

442

Bernstein, B.E.; Mikkelsen, T.S.; Xie, X.; Kamal, M.; Huebert, D.J.; Cuff, J.; Fry, B.;
Meissner, A.; Wernig, M.; Plath, K.; et al. A bivalent chromatin structure marks key
developmental genes in embryonic stem cells. Cell 2006, 125, 315–326.
Mikkelsen, T.S.; Ku, M.; Jaffe, D.B.; Issac, B.; Lieberman, E.; Giannoukos, G.; Alvarez, P.;
Brockman, W.; Kim, T.K.; Koche, R.P.; et al. Genome-wide maps of chromatin state in
pluripotent and lineage-committed cells. Nature 2007, 448, 553–560.
Erhardt, S.; Su, I.H.; Schneider, R.; Barton, S.; Bannister, A.J.; Perez-Burgos, L.; Jenuwein, T.;
Kouzarides, T.; Tarakhovsky, A.; Surani, M.A. Consequences of the depletion of zygotic and
embryonic enhancer of zeste 2 during preimplantation mouse development. Development 2003,
130, 4235–4248.
VerMilyea, M.D.; O‟Neill, L.P.; Turner, B.M. Transcription-independent heritability of induced
histone modifications in the mouse preimplantation embryo. PLoS One 2009, 4, e6086.
Torres-Padilla, M.E.; Parfitt, D.E.; Kouzarides, T.; Zernicka-Goetz, M. Histone arginine
methylation regulates pluripotency in the early mouse embryo. Nature 2007, 445, 214–218.
Meissner, A. Epigenetic modifications in pluripotent and differentiated cells. Nat. Biotechnol.
2010, 28, 1079–1088.
Adamo, A.; Sese, B.; Boue, S.; Castano, J.; Paramonov, I.; Barrero, M.J.; Izpisua Belmonte, J.C.
LSD1 regulates the balance between self-renewal and differentiation in human embryonic stem
cells. Nat. Cell Biol. 2011, 13, 652–660.
Guo, G.; Huss, M.; Tong, G.Q.; Wang, C.; Li Sun, L.; Clarke, N.D.; Robson, P. Resolution of
cell fate decisions revealed by single-cell gene expression analysis from zygote to blastocyst.
Dev. Cell 2010, 18, 675–685.
Chambers, I.; Colby, D.; Robertson, M.; Nichols, J.; Lee, S.; Tweedie, S.; Smith, A. Functional
expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem cells. Cell
2003, 113, 643–655.
Mitsui, K.; Tokuzawa, Y.; Itoh, H.; Segawa, K.; Murakami, M.; Takahashi, K.; Maruyama, M.;
Maeda, M.; Yamanaka, S. The homeoprotein Nanog is required for maintenance of pluripotency
in mouse epiblast and ES cells. Cell 2003, 113, 631–642.
Messerschmidt, D.M.; Kemler, R. Nanog is required for primitive endoderm formation through a
non-cell autonomous mechanism. Dev. Biol. 2010, 344, 129–137.
Okuda, A.; Fukushima, A.; Nishimoto, M.; Orimo, A.; Yamagishi, T.; Nabeshima, Y.;
Kuro-o, M.; Nabeshima, Y.; Boon, K.; Keaveney, M.; et al. UTF1, a novel transcriptional
coactivator expressed in pluripotent embryonic stem cells and extra-embryonic cells. EMBO J.
1998, 17, 2019–2032.
Nichols, J.; Zevnik, B.; Anastassiadis, K.; Niwa, H.; Klewe-Nebenius, D.; Chambers, I.;
Scholer, H.; Smith, A. Formation of pluripotent stem cells in the mammalian embryo depends on
the POU transcription factor Oct4. Cell 1998, 95, 379–391.
Plachta, N.; Bollenbach, T.; Pease, S.; Fraser, S.E.; Pantazis, P. Oct4 kinetics predict cell lineage
patterning in the early mammalian embryo. Nat. Cell Biol. 13, 117–123.
Dietrich, J.E.; Hiragi, T. Stochastic patterning in the mouse pre-implantation embryo.
Development 2007, 134, 4219–4231.

Genes 2011, 2
48.

49.
50.

51.

52.
53.

54.

55.
56.

57.
58.
59.
60.

61.

62.

63.

443

Palmieri, S.L.; Peter, W.; Hess, H.; Schöler, H.R. Oct-4 transcription factor is differentially
expressed in the mouse embryo during establishment of the first two extraembryonic cell
lineages involved in implantation. Dev. Biol. 1994, 166, 259–267.
Ralston, A.; Rossant, J. Cdx2 acts downstream of cell polarization to cell-autonomously promote
trophectoderm fate in the early mouse embryo. Dev. Biol. 2008, 313, 614–629.
Avilion, A.A.; Nicolis, S.K.; Pevny, L.H.; Perez, L.; Vivian, N.; Lovell-Badge, R. Multipotent
cell lineages in early mouse development depend on SOX2 function. Genes Dev. 2003, 17,
126–140.
Cai, K.Q.; Capo-Chichi, C.D.; Rula, M.E.; Yang, D.H.; Xu, X.X. Dynamic GATA6 expression
in primitive endoderm formation and maturation in early mouse embryogenesis. Dev. Dyn. 2008,
237, 2820–2829.
Koutsourakis, M.; Langeveld, A. Patient R, Beddington R, Grosveld F., The transcription factor
GATA6 is essential for early extraembryonic development, . Development 1999, 126, 723–732.
Fujikura, J.; Yamato, E.; Yonemura, S.; Hosoda, K.; Masui, S.; Nakao, K.; Miyazaki, J.;
Niwa, H. Differentiation of embryonic stem cells is induced by GATA factors. Genes Dev. 2002,
16, 784–789.
Niwa, H.; Toyooka, Y., Shimosato, D.; Strumpf, D.; Takahashi, K.; Yagi, R.; Rossant, J.
Interaction between Oct3/4 and Cdx2 determines trophectoderm differentiation. Cell 2005, 123,
917–929.
Smith, A. The battlefield of pluripotency. Cell 2005, 123, 757–760.
Jedrusik, A.; Parfitt, D.E.; Guo, G.; Skamagki, M.; Grabarek, J.B.; Johnson, M.H.; Robson, P.;
Zernicka-Goetz, M. Role of Cdx2 and cell polarity in cell allocation and specification of
trophectoderm and inner cell mass in the mouse embryo. Genes Dev. 2008, 22, 2692–2706.
Chawengsaksophak, K.; James, R.; Hammond, V.E.; Köntgen, F.; Beck, F. Homeosis and
intestinal tumours in Cdx2 mutant mice. Nature 1997, 386, 84–87.
Berg, D.K.; Smith, C.S.; Pearton, D.J.; Wells, D.N.; Broadhurst, R.; Donnison, M.; Pfeffer, P.L.
Trophectoderm lineage determination in cattle. Dev. Cell 2011, 20, 244–255.
Rossant, J. Developmental biology: A mouse is not a cow. Nature 2011, 471, 457–458.
Beck, F.; Erler, T.; Russell, A.; James, R. Expression of Cdx-2 in the mouse embryo and
placenta: Possible role in patterning of the extra-embryonic membranes. Dev. Dyn. 1995, 204,
219–227.
Home, P.; Ray, S.; Dutta, D.; Bronshteyn, I.; Larson, M.; Paul, S. GATA3 is selectively
expressed in the trophectoderm of peri-implantation embryo and directly regulates Cdx2 gene
expression. J. Biol. Chem. 2009, 284, 28729–28737.
Ralston, A.; Cox, B.J.; Nishioka, N.; Sasaki, H.; Chea, E.; Rugg-Gunn, P.; Guo, G.; Robson, P.;
Draper, J.S.; Rossant, J. Gata3 regulates trophoblast development downstream of Tead4 and in
parallel to Cdx2. Development 2010, 137, 395–403.
Strumpf, D.; Mao, C.; Yamanaka, Y.; Ralston, A.; Chawengsaksophak, K.; Beck, F.; Rossant, J.
Cdx2 is required for correct cell fate specification and differentiation of trophectoderm in the
mouse blastocyst. Development 2005, 132, 2093–2102.

Genes 2011, 2
64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

444

Nishioka, N.; Yamamoto, S.; Kiyonari, H.; Sato, H.; Sawada, A.; Ota, M.; Nakao, K.; Sasaki, H.
Tead4 is required for specification of trophectoderm in pre-implantation mouse embryos.
Mech. Dev. 2008, 125, 270–283.
Yagi, R.; Koh, M.J.; Karavanova, I.; Kaneko, K.J.; Vullhorst, D.; DePamphilis, M.L.; Buonanno, A.
Transcription factor TEAD4 specifies the trophectoderm lineage at the beginning of
mammaliandevelopment. Development 2007, 134, 3827–3836. .
Bruce, A.W. What is the role of maternally provided Cdx2 mRNA in early mouse
embryogenesis? Reprod. Biomed. Online 2011, 22, 512–515.
Vassilev, A.; Kaneko, K.; Shu, H.; Zhao, Y.; DePamphilis, M.L. TEAD/TEF transcription
factors utilize the activation domain of YAP65 a Src/Yes-associated protein localized in the
cytoplasm. Genes Dev. 2001, 15, 1229–1241.
Zhao, B.; Ye, X.; Yu, J.; Li, L.; Li, W.; Li, S.; Lin, J.D.; Wang, C.Y.; Chinnaiyan, A.M.;
Lai, Z.C.; Guan, K.L. TEAD mediates YAP-dependent gene induction and growth control.
Genes Dev. 2008, 22, 1962–1971.
Nishioka, N.; Inoue, K.; Adachi, K.; Kiyonari, H.; Ota, M.; Ralston, A; Yabuta, N.; Hirahara, S.;
Stephenson, R.O.; Ogonuki, N.; et al. The hippo signaling pathway components Lats and Yap
pattern Tead4 activity to distinguish mouse trophectoderm from inner cell mass. Dev. Cell 2009,
16, 398-410.
Mahoney, W.M., Jr.; Hong, J.; Yaffe, M.B.; Farrance, I.K. The transcriptional co-activator TAZ
interacts differentially with the transcriptional enhancer factor-1 (TEF-1) family members.
Biochem. J. 2005, 388, 217–225.
Morin-Kensicki, E.M.; Boone, B.; Howell, M.; Stonebraker, J.R.; Teed, J.; Alb, J.G.;
Magnuson, T.R.; O'Neal, W.; Milgram, S.L. Defects in yolk sac vasculogenesis, chorioallantoic
fusion and embryonic axis elongation in mice with targeted disruption or Yap65. Mol. Cell. Biol.
2006, 26, 77–87.
Hossain, Z.; Ali, S.M.; Ko, H.L.; Xu, J.; Ng, C.P.; Guo, K.; Qi, Z.; Ponniah, S.; Hong, W.;
Hunziker, W. Glomerulocystic kidney disease in mice with a targeted inactivation of Wwtr1.
Proc. Natl. Acad. Sci USA 2007, 104, 1631–1636.
Makita, R.; Uchijima, Y.; Nishiyama, K.; Amano, T.; Chen, Q.; Takeuchi, T.; Mitani, A.;
Nagase, T.; Yatomi, Y.; Aburatani, H.; et al. Multiple renal cysts, urinary concentration defects,
and pulmonary emphysematous changes in mice lacking TAZ. Am. J. Physiol. Renal Physiol.
2008, 294, F542–F553.
Hao, Y.; Chun, A.; Cheung, K.; Rashidi, B.; Yang, X. Tumor suppressor LATS1 is a negative
regulator of oncogene YAP. J. Biol. Chem. 2008, 283, 5496–5509.
Varelas, X.; Miller, B.W.; Sopko, R.; Song, S.; Gregorieff, A.; Fellouse, F.A.; Sakuma, R.;
Pawson, T.; Hunziker, W.; McNeill, H.; et al. The Hippo pathway regulates Wnt/beta-catenin
signaling. Dev. Cell 2010, 18, 579–591.
Varelas, X.; Samavarchi-Tehrani, P.; Narimatsu, M.; Weiss, A.; Cockburn, K.; Larsen, B.G.;
Rossant, J.; Wrana, J.L. The Crumbs complex couples cell density sensing to Hippo-dependent
control of the TGF-beta-SMAD pathway. Dev. Cell 2010, 19, 831–844.
Gardner, R.L. Origin and differentiation of extraembryonic tissues in the mouse. Int. Rev. Exp.
Pathol. 1983, 24, 63–133.

Genes 2011, 2
78.
79.
80.
81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

445

Yamanaka, Y.; Ralston, A.; Stephenson, R.O.; Rossant, J. Cell and Molecular Regulation of the
mouse blastocyst. Dev. Dyn. 2006, 235, 2301–2314.
Becker, S.; Casanova, J. Grabel, L. Localization of endoderm-specific mRNAs in differentiating
F9 embryoid bodies. Mech. Dev. 1992, 37, 3–12.
Murray, P.; Edgar, D. The regulation of embryonic stem cell differentiation by leukemia
inhibitory factor (LIF), . Differentiation 2001, 68, 227–234.
Chazaud, C.; Yamanaka, Y.; Pawson, T.; Rossant, J. Early lineage segregation between epiblast
and primitive endoderm in mouse blastocysts through the Grb2-MAPK pathway. Dev. Cell 2006,
10, 615–624.
Meilhac, S.M.; Adams, R.J.; Morris, S.A.; Danckaert, A.; Le Garrec, J.F.; Zernicka-Goetz, M.
Active cell movements coupled to positional induction are involved in lineage segregation in the
mouse blastocyst. Dev. Biol. 2009, 331, 210–221.
Plusa, B.; Piliszek, A.; Frankenberg, S.; Artus, J.; Hadjantonakis, A.K. Distinct sequential cell
behaviours direct primitive endoderm formation in the mouse blastocyst. Development 2008,
135, 3081–3091.
Chambers, I.; Silva, J.; Colby, D.; Nichols, J.; Nijmeijer, B.; Robertson, M.; Vrana, J.; Jones, K.;
Grotewold, L.; Smith, A. Nanog safeguards pluripotency and mediates germline development.
Nature 2007, 450, 1230–1234.
Artus, J.; Piliszek, A.; Hadjantonakis, A.K. The primitive endoderm lineage of the mouse
blastocyst: Sequential transcription factor activation and regulation of differentiation by Sox17.
Dev. Biol. 2011, 350, 393–404.
Morris, S.A.; Teo, R.T.; Li, H.; Robson, P.; Glover, D.M.; Zernicka-Goetz, M. Origin and
formation of the first two distinct cell types of the inner cell mass in the mouse embryo.
Proc. Natl. Acad. Sci. USA 2010, 107, 6364–6369.
Niakan, K.K.; Ji, H.; Maehr, R.; Vokes, S.A.; Rodolfa, K.T.; Sherwood, R.I.; Yamaki, M.;
Dimos, J.T.; Chen, A.E.; Melton, D.A.; et al. Sox17 promotes differentiation in mouse
embryonic stem cells by directly regulating extraembryonic gene expression and indirectly
antagonizing self-renewal. Genes Dev. 2010, 24, 312–326.
Gerbe, F.; Cox, B.; Rossant, J.; Chazaud, C. Dynamic expression of Lrp2 pathway members
reveals progressive epithelial differentiation of primitive endoderm in mouse blastocyst.
Dev. Biol. 2008, 313, 594–602.
Artus, J.; Panthier, J.J.; Hadjantonakis, A.K. A role for PDGF signaling in expansion of the
extra-embryonic endoderm lineage of the mouse blastocyst. Development 2010, 137, 3361–3372.
Bruce, A.W.; Zernicka-Goetz, M. Developmental control of the early mammalian embryo:
Competition among heterogeneous cells that biases cell fate. Curr. Opin. Genet. Dev. 2010, 20,
485–491.
McDole, K.; Xiong, Y.; Iglesias, P.A.; Zheng, Y. Lineage mapping the pre-implantation mouse
embryo by two-photon microscopy, new insights into the segregation of cell fates. Dev. Biol.
2011, 355, 239–249.
Yuan, H.; Corbi, N.; Basilico, C.; Dailey, L. Developmental-specific activity of the FGF-4
enhancer requires the synergistic action of Sox2 and Oct-3. Genes Dev. 1995, 9, 2635–2645.

Genes 2011, 2
93.
94.
95.

96.

97.
98.

99.
100.
101.
102.
103.
104.
105.
106.

107.
108.
109.
110.
111.
112.

446

Yamanaka, Y.; Ralston, A. Early embryonic cell fate decisions in the mouse. Adv. Exp. Med.
Biol. 2010, 695, 1–13.
Nichols, J.; Silva, J.; Roode, M.; Smith, A. Suppression of Erk signalling promotes ground state
pluripotency in the mouse embryo. Development 2009, 136, 3215–3222.
Arman, E.; Haffner-Krausz, R.; Chen, Y.; Heath, J.K.; Lonai, P. Targeted disruption of fibroblast
growth factor (FGF) receptor 2 suggests a role for FGF signaling in pregastrulation mammalian
development. Proc. Natl. Acad. Sci. USA 1998, 95, 5082–5087.
Cheng, A.M.; Saxton, T.; Sakai, R.; Kulkarni, S.; Mbamalu, G.; Vogel, W.; Tortorice, C.G.;
Cardiff, R.D.; Cross, J.C.; Muller, W.J.; et al. Mammalian Grb2 regulates multiple steps in
embryonic development and malignant transformation. Cell 1998, 95, 793–803.
Feldman, B.; Poueymirou, W.; Papaioannou, V.E.; DeChiara, T.M.; Goldfarb, M. Requirement
of FGF-4 for postimplantation mouse development. Science 1995, 267, 246–249.
Wilder, P.J.; Kelly, D.; Brigman, K.; Peterson, C.L.; Nowling, T.; Gao, Q.S.; McComb, R.D.;
Capecchi, M.R.; Rizzino, A. Inactivation of the FGF-4 gene in embryonic stem cells alters the
growth and/or the survival of their early differentiated progeny. Dev. Biol. 1997, 192, 614–629.
Morris, S.A. Cell fate in the early mouse embryo: Sorting out the influence of developmental
history on lineage choice. Reprod. Biomed. Online 2011, 22, 521–524.
Morris, S.A. Reply: Cell fate in the early mouse embryo: Sorting out the influence of
developmental history on lineage choice. Reprod. Biomed. Online 2011, 22, 1472–6483.
Yamanaka, Y. Response: Cell fate in the early mouse embryo - sorting out the influence of
developmental history on lineage choice. Reprod. Biomed. Online 2011, 22, 525–527.
Niwa, H.; Miyazaki, J.; Smith, A.G. Quantitative expression of Oct-3/4 defines differentiation,
dedifferentiation or self-renewal of ES cells. Nat. Genet. 2000, 24, 372–376.
Shimosato, D.; Shiki, M.; Niwa, H. Extra-embryonic endoderm cells derived from ES cells
induced by GATA Factors acquire the character of XEN cells. BMC Dev. Biol. 2007 7, 80.
Smith, K.N.; Singh, A.M.; Dalton, S. Myc represses primitive endoderm differentiation in
pluripotent stem cells. Cell Stem Cell 2010, 7, 343–354.
Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and
adult fibroblast cultures by defined factors. Cell 2006, 126, 663–676.
Yu, J.; Vodyanik, M.A.; Smuga-Otto, K.; Antosiewicz-Bourget, J.; Frane, J.L.; Tian, S.; Nie, J.;
Jonsdottir, G.A.; Ruotti, V.; Stewart, R.; et al. Induced pluripotent stem cell lines derived from
human somatic cells. Science 2007, 318, 1917–1920.
Davis, R.L.; Weintraub, H.; Lassar, A.B. Expression of a single transfected cDNA converts
fibroblasts to myoblasts. Cell 1987, 51, 987–1000.
Bird, A. Perceptions of epigenetics. Nature 2007, 447, 396–398.
Ptashne, M. On the use of the word „epigenetic‟. Curr. Biol. 2007, 17, R233–R236.
Waddington, H.K. Fetal salvage in abruptio placentae. Am. J. Obstet. Gynecol. 1957, 73,
816–821.
Russo, V.E.A.; Martienssen, R.A.; Riggs, A.D. Epigenetic Mechanisms of Gene Regulation;
Cold Spring Harbor Laboratory Press: Woodbury, NY, USA, 1996.
Angui, S.N.; E.P; Heard, E. Regulation of X-chromosome inactivation by the X-inactivation
centre. Nat. Rev. Genet. 2011, 12, 429–442.

Genes 2011, 2

447

113. Payer, B.; Lee, J.T. X chromosome dosage compensation: How mammals keep the balance.
Annu. Rev. Genet. 2008, 42, 733–772.
114. Donohoe, M.E.; Silva, S.S.; Pinter, S.F.; Xu, N.; Lee, J.T. The pluripotency factor Oct4 interacts
with Ctcf and also controls X-chromosome pairing and counting. Nature 2009, 460, 128–132.
115. Navarro, P.; Chambers, I.; Karwacki-Neisius, V.; Chureau, C.; Morey, C.; Rougeulle, C.; Avner, P.
Molecular coupling of Xist regulation and pluripotency. Science 2008, 321, 1693–1695.
116. Maherali, N.; Sridharan, R.; Xie, W.; Utikal, J.; Eminli, S.; Arnold, K.; Stadtfeld, M.;
Yachechko, R.; Tchieu, J.; Jaenisch, R.; et al. Directly reprogrammed fibroblasts show global
epigenetic remodeling and widespread tissue contribution. Cell Stem Cell 2007, 1, 55–70.
117. Li, Y.; Sasaki, H. Genomic imprinting in mammals: Its life cycle, molecular mechanisms and
reprogramming. Cell Res. 2011, 21, 466–473.
118. Lee, J.T. Molecular links between X-inactivation and autosomal imprinting: X-inactivation as a
driving force for the evolution of imprinting? Curr. Biol. 2003, 13, R242–R254.
119. Goll, M.G.; Bestor, T.H. Eukaryotic cytosine methyltransferases. Annu. Rev. Biochem. 2005, 74,
481–514.
120. Jackson-Grusby, L.; Beard, C.; Possemato, R.; Tudor, M.; Fambrough, D.; Csankovszki, G.;
Dausman, J.; Lee, P.; Wilson, C.; Lander, E.; Jaenisch, R. Loss of genomic methylation causes
p53-dependent apoptosis and epigenetic deregulation. Nat. Genet. 2001, 27, 31-39.
121. Jaenisch, R.; Bird, A. Epigenetic regulation of gene expression: How the genome integrates
intrinsic and environmental signals. Nat. Genet. 2003, 33 (Suppl.), 245–254.
122. Li, E.; Beston, T.; Jaenisch, R. Targeted mutation of the DNA methyltransferase gene results in
embryonic lethality. Cell 1992 69, 915–926.
123. Okano, M.; Bell, D.W.; Haber, D.A.; Li, E. DNA methyltransferases Dnmt3a and Dnmt3b are
essential for de novo methylation and mammalian development. Cell 1999, 99, 247–257.
124. Santos, F.; Hendrich, B.; Reik, W.; Dean, W. Dynamic reprogramming of DNA methylation in
the early mouse embryo. Dev. Biol. 2002, 241, 172–182.
125. Chapman, V.; Forrester, L.; Sanford, J.; Hastie, N.; Rossant, J. Cell lineage-specific
undermethylation of mouse repetitive DNA. Nature 1984, 307, 284–286.
126. Rossant, J.; Sanford, J.P.; Chapman, V.M.; Andrews, G.K. Undermethylation of structural gene
sequences in extraembryonic lineages of the mouse. Dev. Biol. 1986, 117, 567–573.
127. Ng, R.K.; Dean, W.; Dawson, C.; Lucifero, D.; Madeja, Z.; Reik, W.; Hemberger, M. Epigenetic
restriction of embryonic cell lineage fate by methylation of Elf5. Nat. Cell Biol. 2008, 10,
1280–1290.
128. Campos, E.I.; Reinberg, D. Histones: Annotating chromatin. Annu. Rev. Genet. 2009, 43,
559–599.
129. Francis, N.J.; Kingston, R.E. Mechanisms of transcriptional memory. Nat. Rev. Mol. Cell Biol.
2001, 2, 409–421.
130. Bernstein, B.E.; Meissner, A.; Lander, E.S. The mammalian epigenome. Cell 2007, 128,
669–681.
131. O'Carroll, D.; Erhardt, S.; Pagani, M.; Barton, S.C.; Surani, M.A.; Jenuwein, T. The
polycomb-group gene Ezh2 is required for early mouse development. Mol. Cell. Biol. 2001, 21,
4330–4336.

Genes 2011, 2

448

132. Pasini, D.; Bracken, A.P.; Jensen, M.R.; Lazzerini Denchi, E.; Helin, K. Suz12 is essential for
mouse development and for EZH2 histone methyltransferase activity. EMBO J. 2004, 23, 4061–4071.
133. Faust, C.; Lawson, K.A.; Schork, N.J.; Thiel, B.; Magnuson, T. The Polycomb-group gene eed is
required for normal morphogenetic movements during gastrulation in the mouse embryo.
Development 1998, 125, 4495–4506.
134. Wang, J.; Mager, J.; Chen, Y.; Schneider, E.; Cross, J.C.; Nagy, A.; Magnuson, T. Imprinted X
inactivation maintained by a mouse Polycomb group gene. Nat. Genet. 2001, 28, 371–375.
135. Azuara, V.; Perry, P.; Sauer, S.; Spivakov, M.; Jorgensen, H.F.; John, R.M.; Gouti, M.;
Casanova, M.; Warnes, G.; Merkenschlager, M.; Fisher, A.G. Chromatin signatures of
pluripotent cell lines. Nat. Cell Biol. 2006, 8, 532–538.
136. Boyer, L.A.; Plath, K.; Zeitlinger, J.; Brambrink, T.; Medeiros, L.A.; Lee, T.I.; Levine, S.S.;
Wernig, M.; Tajonar, A.; Ray, M.K.; et al. Polycomb complexes repress developmental
regulators in murine embryonic stem cells. Nature 2006, 441, 349–353.
137. Szutorisz, H.; Canzonetta, C.; Georgiou, A.; Chow, C.M.; Tora, L.; Dillon, N. Formation of an
active tissue-specific chromatin domain initiated by epigenetic marking at the embryonic stem
cell stage. Mol. Cell. Biol. 2005, 25, 1804–1820.
138. Tahiliani, M.; Koh, K.P.; Shen, Y.; Pastor, W.A.; Bandukwala, H.; Brudno, Y.; Agarwal, S.;
Iyer, L.M.; Liu, D.R.; Aravind, L.; et al. Conversion of 5-methylcytosine to 5-hydroxymethylcytosine
in mammalian DNA by MLL partner TET1. Science 2009, 324, 930–935.
139. Ito, S.; D‟Alessio, A.C.; Taranova, O.V.; Hong, K.; Sowers, L.C.; Zhang, Y. Role of Tet proteins
in 5mC to 5hmC conversion, ES-cell self-renewal and inner cell mass specification. Nature 2010,
466, 1129–1133.
140. Wu, H.; D‟Alessio, A.C.; Ito, S.; Xia, K.; Wang, Z.; Cui, K.; Zhao, K.; Eve Sun, Y.; Zhang, Y.
Dual functions of Tet1 in transcriptional regulation in mouse embryonic stem cells. Nature 2011,
473, 389–393.
141. Williams, K.; Christensen, J.; Pedersen, M.T.; Johansen, J.V.; Cloos, P.A.; Rappsilber, J.;
Helin, K. TET1 and hydroxymethylcytosine in transcription and DNA methylation fidelity.
Nature 2011, 473, 343–348.
142. Park, I.H.; Arora, N.; Huo, H.; Maherali, N.; Ahfeldt, T.; Shimamura, A.; Lensch, M.W.;
Cowan, C.; Hochedlinger, K.; Daley, G.Q. Disease-specific induced pluripotent stem cells. Cell
2008, 134, 877–886.
© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an Open Access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

